The objectives of this study were 1) to compute appropriate mathematical curves that describe the daily production process by the input variables daily feed consumption, water consumption, ambient temperature, and output variables hen-day egg production, egg weight, second grade eggs, floor eggs, cumulative mortality, body weight, and flock uniformity; and 2) to obtain insights into the daily variations in these variables, in order to support the poultry farmer with an aviary housing system in his daily management. Literature and research data attainted from six unmolted flocks that were housed in aviary systems were used to formulate the mathematical curves. The curves were a function of the number of days in the laying period. Curves for cumulative mortality, hen-day egg produc-
INTRODUCTION
Most laying hens are housed in battery cages with a maximum of 450 cm 2 floor area per hen (Anonymous, 1986) . Cage systems have strong advantages over alternative housing systems, especially in terms of economics, pollution control, and working conditions (De Wit, 1992; Appleby et al., 1994) . In terms of welfare, some groups may prefer alternative housing systems (De Wit, 1992) . Aviary housing systems were developed to provide such an alternative (Ehlhardt et al, 1988; Amgarten and Mettler, 1989; Elson, 1989; Appleby et al, 1992; Blokhuis and Metz, 1992; Hansen, 1994; Blokhuis and Metz, 1995) . In aviary systems, hens have more space (approximately 1,000 cm 2 available area per hen) and freedom to move in all three dimensions of the house, they can scratch and dustbathe in the litter that is provided on the floor, and they can use laying nests and perches.
In the current state of development of alternative housing systems, production costs, labor requirements, required management skill, and required veterinary supervision are all higher than in cage systems (Van Home, 1991; De Wit, 1992; Elson, 1992; Received for publication September 19, 1995. Accepted for publication March 15, 1996. tion, egg weight, body weight, and percentage of floor eggs described individual flock results well (0.72 < R 2 ac jj < 1.00). The coefficients of determination for feed consumption, water consumption, flock uniformity, and percentage of second grade eggs were in general low (0.33 < R 2 a dj < 0.54), which implies that the form of the curve differs between flocks. Egg weight, body weight, cumulative mortality, and hen-day egg production had the lowest minimum coefficients of variation (0.8 to 1.9), followed by feed consumption, water consumption, and flock uniformity (2.8 to 3.6). Ambient temperature, percentage floor eggs, and percentage of second grade eggs had the highest minimum coefficients of variation (4.8 to 9.1).
1996 Poultry Science 75: 838-848 Metz, 1995) . In floor-housed flocks, there is a higher risk of infectious diseases, endoparasites (round and flat worms), ectoparasites (mites), pathological conditions of the feet, and cannibalism (Appleby et al, 1994) . In cage systems, there is a higher risk for fatty livers and osteoporosis (Appleby et al, 1994) . To support the aviary farmer in his daily management, Lokhorst et al (1995) suggested the development of computer-based tools to monitor and control the three main critical success factors (CSF): feed consumption, ambient temperature, and disease detection. An expert system prototype has been developed by Lokhorst (1995) to monitor the three CSF. The expert system prototype compares daily data on feed consumption, water consumption, hen-day egg production, second grade eggs, floor eggs, egg weight, body weight, flock uniformity, cumulative mortality, and ambient temperature with a standard. Deviations of different variables from the standard are used to detect aberrations in the three mentioned CSF (Lokhorst, 1995) .
Available standards from breeding and feed companies only have weekly data on a limited number of variables; whereas, daily data for all mentioned variables are used by the expert system prototype to monitor the daily production process. Because the intention is to use the expert system on farms, it is necessary to have farm-specific standards, in which the farm-specific circumstances can be incorporated. Thus, for each (Key words: mathematical curve, egg production, aviary system, laying hen, variability) variable that is used in the expert system prototype, a mathematical curve must be developed. The production of eggs can be seen as a process with input variables (feed consumption, water consumption, and ambient temperature) and output variables [egg production (hen-day egg production, egg weight, second grade eggs, floor eggs), mortality, and growth (body weight, flock uniformity)]. The poultry farmer's management skills are used to manage this production process and he or she continually looks for deviations in that process. Despite good management skills, the production process is sometimes unpredictable. According to Deming (1986) , two sources of variation can be distinguished: 1) normal process variation and 2) exceptional process variation. Normal process variation is inherent to the system and permanently present and its influence on the production process is small and unpredictable. Normal process variation, in general, cannot be assigned to one specific cause. Exceptional process variation has an external cause, occurs one at a time, is incidental and local, and has a large influence on the production process. In order to detect exceptional process variation, it is important to know the normal process variation of the production process. In other words, the manager should not be worried about normal variation in the production process.
The objectives of this study were 1) to formulate appropriate mathematical curves that describe the input and output variables of feed consumption, water consumption, ambient temperature, hen-day egg production, egg weight, second grade eggs, floor eggs, cumulative mortality, body weight, and flock uniformity; and 2) to obtain insight in the daily variation in these variables. The mathematical curves can function as a standard based on daily production data, and they can be used by the poultry farmer to detect aberrations (exceptional process variation) in the production process in aviary housing systems.
MATERIALS AND METHODS

Animals and Data Collection
Data from six unmolted flocks (Table 1) were used to fit the parameters for the mathematical curves for hen-day egg production, egg weight, feed consumption, water consumption, second grade eggs, floor eggs, body weight, flock uniformity, and cumulative mortality. The mean and standard deviation per flock were determined for the ambient temperature. Two flocks consisted of White Bovans and the other four flocks consisted of White Lohman (LSL) hens. All flocks were housed on farms with an aviary system. The Tiered Wire Floor (TWF), Multifloor, and Righs-Boleg aviary systems are described in Blokhuis and Metz (1995) . Process computers were used to register the daily mean ambient temperature, feed consumption, and water consumption. During the first 50 d of the laying cycle of Flock 1, no feed and water consumption data were collected. The poultry farmers recorded daily the mortality and the number of first grade, second grade, and floor eggs. Average egg weight was determined by the poultry farmer once a week for Flocks 1 to 4 and daily for Flock 5 and 6, by weighing a stack of six egg trays with a total of 180 eggs. An automatic weighing system with four scales, placed in the middle of the feed tiers, was used to determine the daily body weight and flock uniformity in Flock 5 and 6. Body weight and flock uniformity data for the first 85 d of the laying period of Flock 6 were not available.
Mathematical Curves
Literature and research data obtained from the six flocks housed in aviary systems were used to formulate mathematical curves that describe the input and output variables of the production process. The variables feed consumption, water consumption, hen-day egg production, egg weight, second grade eggs, floor eggs, body weight, flock uniformity,, and cumulative mortality are described as a function of age (t), where t represents the number of days in the laying period, which is presumed to start at an age of 141 d (Siplu, 1990) . Cumulative mortality is based on the number of housed hens at the start of the laying period and the other functions are based on the number of hens present. The ambient temperature is presumed to be relatively constant during the whole laying period (Lokhorst et dl., 1995) .
Statistical Analysis
The nonlinear regression method of the statistical program SPSS® (Norusis, 1992 ) was used to fit the parameters of the mathematical curves for the different variables. Fitting was done per flock. To get an overall fit of all flocks, data of the six flocks were combined into one data set. Because of the small number of flocks, no flock, housing system, or hen type effects were analyzed, and all the fitting results of the different flocks were given separately. The coefficient of determination (R 2 a dj) and the variance (a 2 ) were used as goodness of fit measurements. Starting values were determined by using simple mathematical methods, such as the determination of derivatives and the graphical determination of slopes and limits.
RESULTS
Mathematical Curve Formulation
Hen-Day Egg Production. The hen-day egg production is calculated as the number of eggs produced per day divided by the number of hens present. Cason and Britton (1988) compared 1) the model of Adams and Bell (1980) 
, 2) the compartmental model of McMillan (McMillan, 1981; McMillan et al, 1986; Yang et al, 1989) , P = a(e-bx)(l -e-c(x-d)), and 3) a logistic model developed by themselves (Cason and Britton, 1988 ) P = a(e-bx)(l/(l + e c + dx)). These three models describe the weekly egg production (P), where x is the age of the flocks in weeks, e is the base of natural logarithms and parameters a, b, c, and d are constants to be determined by a least squares error nonlinear curve-fitting program (Cason and Britton, 1988) . Adams and Bell (1980) modeled the egg production as the difference between a sigmoid increase (a logistic growth curve), and a linear decrease and they assumed a theoretical maximum egg production of 100%. The compartmental model of McMillan (1981) is divided into two components, the percentage of hens that start laying and the average egg production of these hens. Both components are functions of the age of the hens. A normal distribution is assumed for hens that start laying, which is described by a logistic curve representing sexual maturity. It is also assumed that egg production starts at a high level (for instance 80 or 90%), quickly rises to a maximum, and then gradually diminishes. Cason and Britton (1988) tried to combine the decreasing term of the compartmental model of McMillan (1981) and an increasing term representing a logistic growth curve similar to the increasing term of Adams and Bell (1980) . The conclusion of Cason and Britton (1988) was that the Adams and Bell (1980) model provided the best fit for their data, followed by the logistic model, and the compartmental model.
For the mathematical curve that describes daily henday egg production in an aviary system, the following assumptions were made. A normal distribution was assumed for hens that start laying; therefore, a logistic growth curve, as described by Adams and Bell (1980) , is used. Adams and Bell (1980) assumed a theoretical maximum production of 100% and a linear decrease of the egg production when hens become older, but this can be doubted, as suggested by Yang et al. (1989) . Plots of our own data show a quick increase in hen-day egg production and a more or less stable production period, followed by a nonlinear decrease. Therefore, a second order polynomial is used to describe the gradual decrease in egg production. The notation for the hen-day egg production, thus becomes:
The logistic part is described with parameters a (a > 0) and r (0 < r < 1) and the second order polynomial is described with parameters b, c, and d. The hen-day egg production at the start of the laying period is determined by parameters a and b. The time between the start of the laying period and the day the maximum production is reached is influenced by parameter r. The results of the second order polynomial are subtracted from the asymptote of the logistic growth curve part, which represents the theoretical maximum hen-day egg production. The realized maximum hen-day egg production therefore depends on all parameters. The persistence of the hen-day egg production is described as a gradual decrease with parameters c and d.
Egg Weight. Egg weight is asymptotically related to age, and this can be described with a restricted growth curve (Adams and Bell, 1980; Minvielle et al, 1994) . Although the formula of Minvielle et al. (1994) is somewhat different from that of Adams and Bell, the basic principles are the same. The maximum egg weight is the asymptote and the initial egg weight is described with a parameter that is subtracted from the maximum egg weight. The growth rate is described with parameter r. Plots of our own data show the same pattern. Therefore, the next mathematical curve was used to model the daily egg weight in aviary systems for laying hens: ^egg-weight (grams) = a + b x r* The parameter a in the formula expresses the asymptote of the maximum egg weight and b must be subtracted from a to determine the initial egg weight at the start of the laying period. Parameter r (0 < r < 1) is responsible for the growth rate.
Floor Eggs. No mathematical curve is found in the literature that describes the relation between age and the percentage of floor eggs. Plots of our own data show that the percentage of floor eggs starts at a relatively high level and that there are large differences between flocks (3 to 20%). At the start of the laying period, hens must adjust to the laying nests and egg production is also low. Right after the start of the laying period a quick decrease in the percentage of floor eggs was seen, which was sometimes followed by a gradual increase and sometimes remained stable. The percentage of floor eggs was modelled with a combination of an exponential decreasing component and a second order polynomial. The second order polynomial can be used to model different combinations of decreasing and increasing components. The mathematical curve for the percentage of floor eggs was expressed by the following formula:
The percentage of floor eggs at the start of the laying period is described with parameter a (a > 0). The initial fast exponential decrease of the percentage of floor eggs is described with parameter b. The combinations of gradual increase and decrease of the percentage of floor eggs are expressed by parameters c and d. Second Grade Eggs. Adams and Bell (1980) and Van Home et al. (1991) proposed a linear function for the quantification of the second grade eggs. Interpolation between an initial value and a value for the percentage of second grade eggs at the end of the laying period was used to calculate the percentage of second grade eggs. Sugimoto et al. (1986) propose a quadratic function for the percentage of second grade eggs. Our own data suggest a quadratic relationship between the age of the hens and the percentage of second grade eggs. This relationship can be described with a second order polynomial. The mathematical curve for the second grade eggs then becomes:
The initial percentage of second grade eggs at the start of the laying cycle is represented by parameter a. The combinations of the gradual increase or decrease is described with parameters b and c.
Feed and Water Consumption.
No appropriate mathematical curves were found in the literature to describe the relation between feed consumption and age or between water consumption and age. Van Home et al. (1991) interpolates between six feed consumption data sets that are representative of the whole laying period. Our own daily data of feed and water consumption show much variation, but the main pattern for the two is the same. In the beginning of the laying period, feed and water consumption gradually increase, which can be represented by a restricted growth curve. After a while, the feed and water consumption per flock show different patterns. These patterns show a gradual increase or decrease or a combination of these, and can be described with a second order polynomial. The same mathematical curve was used to describe feed and water consumption, but separate fits were made because feed and water consumption were different variables. The mathematical curve to describe the daily feed and water consumption therefore became: The first part of the formula represents the restricted growth curve and the second part of the function represents the second order polynomial. Parameter a represents the horizontal asymptote of the restricted growth curve. Parameter b represents, together with parameter a, the feed or water consumption at the start of the laying period (YQ = a/(l + b)) and parameter c, together with parameter a, represents the speed of the increase in feed and water consumption in the restricted growth phase. Parameters d and e determine whether feed and water consumption gradually increase or decrease during the rest of the laying period.
Body Weight. Graphs of the body weight of different breeds of laying hens showed, like feed and water consumption, a logistic growth curve and a linear increase. Our own data show the same growth. Therefore, the next mathematical curve was used to represent the daily body weight of the hens: ^body-weight (grams) = 1 + b x e" a * c x '
Flock Uniformity. No mathematical curve was found in the literature that represents flock uniformity. Our own data suggest a quadratic relationship between the age of the hens and flock uniformity. This relationship can be described with a second order polynomial. Therefore, the mathematical curve for the daily flock uniformity became:
The flock uniformity at the start of the laying period is represented by parameter a. The gradual increase or decrease in flock uniformity during the rest of the laying period is determined by parameters b and c.
Cumulative Mortality. Adams and Bell (1980) and Van Home et al. (1991) calculated the cumulative mortality by interpolating data of the first and last week of the laying period. Based on our own data, a quadratic increase in the cumulative mortality seems more suitable. If the number of hens at the start of the laying period is known, the number of hens present on a certain day in the laying period can be calculated with the next mathematical curve for the cumulative mortality:
The parameters a and b, respectively, express the linear and quadratic increase in the cumulative mortality of the hens during the laying period. results of Flock 4 are excluded from the overall fit, because a major aberration in the production process occurred at an age of 203 d. This aberration had a temporary effect on feed and water consumption and a permanent effect on the hen-day egg production. Table 2 shows the parameter fits for the hen-day egg production for six flocks and for the overall fit of the flocks. From variance values in Table 2 , one can see that there is not only variation within flocks, with a maximum of 11.631 for Flock 1, but there is also great variation between flocks (24.012). The coefficients of determination per flock are high (R 2 a dj > 0.9), except for Flock 4, which can be explained by the aberration that occurred. Table 3 shows the parameter fits for the egg weight for six flocks and for the overall fit of the flocks. The coefficients of determination per flock and for the overall fit are greater than 0.9. Variation in Flocks 1 to 4 is lower than variation in Flocks 5 and 6. Probably, this difference is caused by the interval in which the data were gathered. Egg weight data for Flocks 1 to 4 were gathered only once a week, whereas egg weight data for Flocks 5 and 6 were gathered daily. hen-day-egg-production 1 + a x r (b + c x t +• d x t 2 ).
RESULTS
Mathematical Curve Fitting Results
2 Excluded from the overall fit. Table 4 shows the results for the floor eggs. The initial percentage of floor eggs varied between 3.2 and 18.7%. The coefficients of determination per flock were between 0.7 and 0.9, which means that the chosen mathematical curve described the percentage of floor eggs reasonably well. The overall fit, however, showed a very poor coefficient of determination. This low coefficient means that each flock had its own curve that described the percentage of floor eggs. There was much daily variation within and between flocks.
Data to fit the parameters for the mathematical curve that describes the percentage of second grade eggs were present from four flocks. The results are shown in Table 5 . As with the percentage of floor eggs, the initial percentage of second grade eggs differed between flocks. The coefficients of determination per flock ranges from 0.4 to 0.9. This result implies that the chosen mathematical curve was better than using the mean, but that it is difficult to give just one mathematical curve that can be used for all flocks. Daily variation within flocks also showed a broad range, from 0.2 to 5.1.
The parameter fits for the curves for feed and water consumption are shown in Table 6 . The coefficients of determination for feed consumption varied between 0.5 and 0.7 and for water consumption between 0.5 and 0.8. The overall fits for feed consumption and water consumption, respectively, are 0.4 and 0.5. Per flock, the mathematical curves differ, so it is difficult to give just one overall fit for feed and water consumption. Variance for feed consumption was between 10.5 and 34.8 per flock, whereas the overall variance for feed consumption was 37.4. This result means that besides the variation between flocks there was also a lot of daily variation within a flock. The same can be seen for water consumption, although there was relatively more variation between flocks.
For the statistical analysis of body weight and flock uniformity, only two data sets were present. Also, from Flock 6, data from the first 85 d are missing, which makes it difficult to fit the data well. The parameter fits for body weight and flock uniformity are shown in Tables 7 and 8 , respectively. The coefficients of determination per flock and for the overall flock are good. The lower coefficient of determination for Flock 6 can be explained by the missing data at the beginning of the laying period. The coefficients of variation differ between the two flocks, which means that the curves have a different form. The low coefficient of variation of Flock 6 probably is caused by the large amount of missing data.
The parameter values for the mathematical curve that describes cumulative mortality are given in Table 9 . Cumulative mortality in Flock 4 showed much more variation than the other flocks, which probably was related to the aberration in the production process.
The coefficients of determination per flock were greater than 0.9, which means that the chosen mathematical curve fits well the data of the separate flocks. The coefficient of determination for the overall fit is somewhat lower, which means that there were differences between flocks. Variance of the overall fit is also much higher than the variance within flocks, which means there were large differences between flocks.
The mean and the standard deviations of the ambient temperatures of the six flocks are shown in Table 10 . The mean ambient temperature varied between 21.36 and 23.02 C, and the standard deviation between 1.13 and 2.31. Thus, within flocks there was more daily variation than between flocks. Table 11 summarizes the overall fitting results of the mathematical curves. The coefficients of variation are given with the expected means. The coefficients of variation give information on the daily variations, relative to their means, of the production variables.
DISCUSSION
Mathematical Curves
The suggested mathematical curves for the description of the daily production process are better than using mean values of the production variables, but they are not all equally successful in describing the daily production of laying hens in an aviary system.
The minimum and maximum values of the coefficients of determination per flock of the mathematical curves for cumulative mortality, hen-day egg production, egg weight, body weight, and percentage of floor eggs vary between 0.72 and 1.00 (Table 11) , which implies that these mathematical curves fit the individual flocks very well. The coefficients of determination of the overall fits for hen-day egg production, egg weight, and body weight are also high, which means that there is not much variation between flocks. This relationship can also be seen in Figures 1 and 2 . The implication is that these mathematical curves may also give reasonable estimations for the parameters of other flocks; however, it is always possible to do some fine tuning, by regularly fitting the curves with the collected data, during the laying period. The general curves are then adjusted to the specific flock circumstances.
The low overall coefficients of determination for cumulative mortality and percentage of floor eggs implies that there is great variation between flocks. This variation makes it difficult to estimate the parameters of these mathematical curves in advance. Once a flock has started the laying period, the parameters can be adjusted to the specific situation of the flock. From then on, it is expected that the parameters give a reasonable fit for a specific flock. The coefficients of determination per flock for the mathematical curves that describe feed consumption, water consumption, flock uniformity, and percentage of second grade eggs are, in general, low (Table 11) . Within a flock, there is great daily variation, which influences the coefficients of determination. This daily variation can partly be explained by the fact that the poultry farmer influences the input variables feed and water consumption. Based on the results of the output variables of the production process the farmer actively influences the input variables. Naturally, the coefficients of determination for the overall fits of these mathematical curves are also low; especially the curves of feed and water consumption that show different curve forms between flocks (Figures 1 and 2 ). This result leads to the conclusion that it is very difficult to estimate the parameters for these mathematical curves for other flocks. Once a flock has started the laying period, the estimation parameters should become better, but the mathematical curves should be fitted regularly to the data during the laying period.
Mathematical curves can be used in monitoring the production process. The mathematical curves can act as a reference value for real production results. From our analysis, it becomes clear that if the mathematical curves are used as reference value, they must be fitted more or less regularly to flock-specific circumstances; then, the predicted values are closest to the real production results. The parameter fits presented in this paper can serve as good starting points for the proper setting of the parameters.
Normal Daily Process Variation
In order to detect aberrations or exceptional process variations in the production process, it is important to know the normal production variation (Deming, 1986) . According to the minimum coefficients of variation of the flocks, the production variables can be separated into three classes. The first class, with minimum coefficients of variation between 0.8 and 1.9 (Table 11) , consists of egg weight, body weight, cumulative mortality, and hen-day egg production. These variables also have the lowest maximum coefficients of variation (1.1 to 4.0), except for cumulative mortality. The second class, with a minimum coefficient of variation between 2.8 and 3.6 and a maximum coefficient of variation between 4.8 and 5.7, consists of the variables feed consumption, water consumption, and flock uniformity. The third class, with minimum coefficients of variation between 4.8 and 9.1 and maximum coefficients of variation between 10.6 and 45.1, consists of the variables ambient temperature, percentage floor eggs, and percentage of second grade eggs.
It can be concluded from the results of Table 11 that the daily percentages of second and floor eggs show so much variation that they are difficult to use as management parameters to monitor the daily production process. The ambient temperature also shows a great deal of variation between days (4.9 to 10.6), which was not expected because the temperature was controlled by climate computers. This daily variation in ambient temperature has an effect on daily feed and water consumption. According to Luiting (1990) , 54% of the gross energy consumption is used for heat production loss, which consists of heat production for maintenance and heat increment of production. The daily variation in feed and water consumption is between 2.8 and 5.2. Therefore, most of the variation in the daily variation of the ambient temperature is compensated for by the daily variation in feed and water consumption. Another part of the daily variation in ambient temperature has its effect on the egg production (hen-day egg production between 1.9 and 4.0 and egg weight between 0.8 and 2.0) and body weight gain. The mean daily body weight shows less variation (1.0 to 1.1) than does flock uniformity (3.6 to 5.7). Probably, competition for feed and water affected flock uniformity.
To monitor the daily production process in an aviary system for laying hens, the poultry farmer should look primarily at ambient temperature, feed consumption, water consumption, hen-day egg production, egg weight, body weight, and flock uniformity. Cumulative mortality can also be used to monitor the daily production process. To control the production process, it is important that the poultry farmer try to reduce the daily variation in the ambient temperature. By concentrating on exceptional variation and not looking at normal process variation, the poultry farmer can control better the three CSF on feed consumption, ambient temperature, and the timely detection of disease.
